The mechanosensitive channel protein of large conductance, MscL, from Escherichia coli has been implicated in protein efflux, but the passage of proteins through the channel has never been demonstrated. We used dual-color f luorescence-burst a- 
large unilamellar vesicles, we show that insulin, bovine pancreas trypsin inhibitor and other compounds smaller than 6.5 kDa can pass through MscL, whereas larger macromolecules cannot.
Introduction
Mechanosensitive channels are found in bacteria, fungi, plants, and animals and play a vital role in cell physiology [18] . Upon a dilution of the external osmolyte concentration, bacterial cells eject cytoplasmic molecules, including ions, metabolites [72] , and possibly proteins [73] . For instance, Escherichia coli releases a subset of proteins, up to 10% of total protein content, when cells are dispersed in water [74] . At least part of the cytoplasmic molecules released has been attributed to membrane channel proteins gated by mechanical forces [75] . For a basic understanding of protein release by microorganisms and for biomedical applications, it is important to establish whether channel proteins of large conductance can facilitate the passage of macromolecules. For instance, liposomes containing mechanosensitive channels have been proposed as drug delivery vehicles for the controlled release of therapeutic peptides and proteins [26] . In the case of the mechanosensitive channel of large conductance (MscL) from E. coli, the protein or membrane environment has been engineered to allow the channel to open and close in response to light or pH [76, 77] .
MscL is the biophysically and biochemically best characterized mechanosensitive channel protein and has a large conductance of 2.5 to 4 nS [18] . On the basis of the crystal structure of the homologous MscL protein from Mycobacterium tuberculosis
[78] and a protein fusion study [79] , MscL is predicted to form a pentamer. From molecular modeling [28, 80] , patch-clamp studies [28] , and in vivo and in vitro flux measurements [75, 81, 82, 83] , the diameter of the pore of MscL has been estimated to be between 30 and 40Å. This diameter should be sufficient for the release of small proteins, but it is not known how large a molecule can actually pass through MscL [28, 74, 75, 77, 82, 83] .
Here, we used dual-color f luorescence-burst analysis (DCFBA, chapter 2), to monitor efflux of a broad range of (macro-) molecules through a membrane pore.
This analysis is based upon the fluorescent DiO labeling of MscL-containing liposomes and encapsulating macromolecules labeled with a second fluorophore Alexa fluor 633 (Fig. 3.1 ). The fluorescent lipid analogue DiO and Alexa fluor 633 have non-overlapping excitation and emission spectra and can be detected separately. For both labels, the fluorescence intensity fluctuations, resolving from the liposome diffusing through the observation volume of a confocal microscope, are correlated with each other. To activate MscL, a cysteine was engineered at the constriction site of the pore (G22C) for labeling with thiol-specific reagents. MscL (G22C) is pushed open when a charge is introduced at the Cys-22 site [63] . Labeling of MscL G22C with MTSET introduces five (positively-charged) choline moieties at the constriction site of the pore [77] , whereas MTSES introduces (negatively-charged) sulfonaethyl moieties [63] . A set of peptides and stably folded proteins were chosen as substrates (Fig. 3.1a) . If the macromolecules are small enough to efflux through MscL, opening of MscL G22C by chemical modification with MTSET or MTSES
[63] will reduce this correlation (Fig. 3.1b) . Molecules smaller than bovine pancreas trypsin inhibitor (BPTI, M W = 6,511 Da) effluxed through MscL, whereas histidine-containing protein (HPr, M W = 9,119 Da) and larger molecules did not. These observations were confirmed using f luorescence correlation spectroscopy (FCS). Furthermore, we show that only a fraction of the MscL channel molecules participated in the protein transport across the membrane.
Methods

MscL purification and reconstitution in liposomes
MscL G22C [63] was expressed in the E. coli mscL-knockout strain PB104 [84] using vector pB10b [85] . Cells were grown to mid-exponential growth phase (OD at 660 nm of 0.5) and expression of mscL was induced by adding 1 mM IPTG (isopropyl--D-thiogalactopyranoside). Membrane vesicles were then prepared by rupturing the cells with a high pressure homogenizer (Kindler Maschinen AG, Zürich, Switserland) and solubilized by 3% octyl-β-glucoside. MscL was purified using nickel affinity chromatography as described previously [9] .
Purified MscL G22C was inserted into Triton X-100 destabilized liposomes as described [76, 86] . Briefly, 4 mg ml −1 liposomes were extruded 13× through 200 nm pore-size polycarbonate filters (Avestin, Ottawa, Canada) and titrated with Triton X-100 until saturation. The lipid mixtures were composed of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1,2-dioleyl-sn-glycero-3-phosphatidylserine (DOPS, Avanti Polar-Lipids, Alabaster, AL) and the fluorescent lipid analog 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO; Invitrogen, Carlsbad, CA; excitation and emission wavelengths of 484 and 499 nm respectively) in a 30,000 : 10,000 : 1 mol ratio.
MscL was added to the mixture in a protein to lipid ratio of about 1 : 50,000 (mol pentameric MscL / mol lipid) as estimated by a Folin reagent based DC-protein assay (Bio-Rad, Hercules, CA). Subsequently, the detergent was removed by incubating the mixture overnight at 4
• C with stepwise addition of 100 mg ml −1 Bio-Bead SM-2 polystyrene beads (Bio-Rad). Membrane reconstitution was performed in 50 mM potassium phosphate buffer, pH 7.0.
Substrate labeling and encapsulation
To measure the upper size of molecules that can diffuse through MscL, several pro- 
DCFBA analysis
DCFBA (see also chapter 2) was used to probe efflux through MscL. First, Alexa fluor 633 labeled macromolecules were encapsulated in MscL containing liposomes labeled with a second fluorophore DiO. Then, the fluorescence-bursts emerging from diffusion of the liposomes through the focal volume of the dual-color confocal laserscanning microscope was measured ( Fig. 3.1c) . For all the bursts in the DiO fluorescence above a certain offset, the area of the i th peak (L i ) was then calculated:
where the fluorescence in the DiO channel I DiO is above the offset between times t 1 and t 2 (Fig. 3.1c) . For the fluorescence in the Alexa fluor 633 channel I AF633 , the corresponding signal (S i ) was also calculated:
Because the fluorescence intensities are linearly proportional to the number of molecules, the concentration of macromolecules in arbitrary units, C arb , could now be calculated:
In equation 3.3, the signals are normalized because DiO is associated to the surface of the liposomes and Alexa fluor 633 is present inside the vesicles; as a function of liposome radius, L i and S i thus scale to the power 2 and 3, respectively. From C arb , the average concentration over all the liposomes (C av ) could be calculated: 4) with N L corresponding to the number of bursts. In addition to C av , the number of empty liposomes was also determined. A burst in the DiO count rate corresponded to an empty liposome, when a corresponding burst in the Alexa fluor 633 count rate was absent. The above analysis assumes that the liposome diameter is smaller than that of the observation volume and that the observation volumes of the two channels spatially coincide. In general, both assumptions can be satisfied by a
proper adjustment of the objective fill-factors of the excitation laser beams and the diameters of the confocal pinholes.
Fluorescence correlation spectroscopy
To verify the results obtained by DCFBA, the diffusion of macromolecules was assessed using FCS. With FCS (chapter 1), one can determine diffusion constants and concentrations for ensemble averages [8, 86] . The fluorescence autocorrelation signals of the DiO and the Alexa fluor 633 channels were measured and the data were fitted with a two-step analytical model to quantify the release of macromolecules. The fitting model for a normalized autocorrelation function of P different compounds, assuming 3-dimensional Brownian motion, is given by [86] :
where α i is the product of the fluorescence quantum yield and the absorption crosssection, C i is the concentration of the molecules, ω xy and z 0 are the effective radii perpendicular and parallel to the focal axis, respectively, and V is the effective confocal volume, defined as V = π 3 2 ω 2 xy z 0 . Because not all liposomes were of the same size and the diffusion constant is inversely related to their radius (Einstein-Stokes relationship, see Eqn 1.2), the fluorescence autocorrelation curves could not be fitted with equation 3.5 and assuming two components (Eqn. 3.5; P = 2). Therefore, the model was modified so that it included the distribution of the liposomes. The radii of the liposomes follow a Maxwell distribution, which can be approximated with a Gaussian distribution, with average radius R and spread a. The fraction of liposomes with radius r is then given by:
The number W (r) of DiO molecules per liposome is related to the radius r by:
where c is the ratio of DiO to lipid molecules and A is the surface area of a lipid (0.6 -0.7 nm 2 [44, 45] ). The number of macromolecules S inside a liposome is related to the radius of the liposome by: 
where γ is a constant determined by the viscosity and temperature of the medium.
Assuming that α i is linearly dependent on the number of DiO or substrate molecules in the liposome, the fluorescence autocorrelation of DiO (Eqn. 3.10) and substrate (Eqn. 3.11) are given by:
10)
where C l is the concentration of liposomes, D f is the diffusion constant of the free substrate, C f is the concentration of free label, and f is the fraction of liposomes containing substrate. If substrate effluxes through MscL, the percentage of fast component F increases after opening of the channel, where F is defined as:
The numerators of equations 3.10 to 3.12 cannot be analytically obtained and were therefore approximated numerically, using Simpson's method in 8 steps from r = R − 2a to r = R + 2a.
Results
To assess the diffusion of macromolecules through MscL, MscL G22C was reconstituted in liposomes that were labeled with the fluorescent lipid analogue DiO. For the DCFBA, the fluorescence intensity fluctuations resulting from the liposomes diffusing through the confocal volume was measured for 5 to 10 min. During this time, 100 to 1,000 liposomes passed through the focal volume, estimated from the fluorescence trace, where each burst corresponds to a liposome ( Fig. 3.1 ). To verify whether the DCFBA measurements were quantitative, Alexa fluor 633-labeled glutathione at 1, 5, and 10 µM was encapsulated inside liposomes containing DiO.
The fluorescence intensities were accumulated for 10 minutes and the C arb -values were calculated according to Eqn. 3.3 (Fig. 3.4a ). The C av values (Eqn. 3.4) were 1.2 ± 0.3 for 1 µM, 3.8 ± 0.6 for 5 µM and 7.9 ± 0.7 for 10 µM (Fig. 3.4b) , which is in fair agreement with the expected ratio of 1 : 5 : 10. The percentages of empty liposomes were 53 ± 12% for 1 µM, 24 ± 3% for 5 µM and 5.5 ± 1% for 10 µM (Fig. 3.4c) .
These values are close to the values of 76%, 26% and 6.6%, respectively, calculated from the average size of the liposomes (Fig. 3.2a 3.5c). Furthermore, the fraction of empty liposomes increased for glutathione from 37.5 ± 0.5% to 62 ± 5%, for insulin from 11 ± 2% to 36 ± 2%, and for BPTI from (Fig. 3.6) , yielded an average radius R of 112 ± 7 nm and spread a of 17.5 ± 2.5 nm. Both numbers are in excellent agreement with DLS measurements, where R = 107 ± 5 nm and a = 16.5 ± 1.5 nm were determined (Fig. 3.2a) . For the measurements on Alexa fluor 633, The autocorrelation curves were fitted with Eqn. 3.11 and the fits were acceptable when γ was given the same value as estimated from the measurements with DiO (Fig. 3.6) . In the case of glutathione, the nonameric peptide bradykinin R9C, insulin and BPTI, opening of the channel resulted in an increase of the fraction of fast component F which corresponds to the released fluorophore (Fig. 3.7) . No increase was observed for HPr, thioredoxin, and α-lactalbumin. These results are in perfect agreement with the results obtained by DCFBA. The fluorescence-burst analysis, however, has the advantage over FCS of yielding a distribution of macromolecules over the liposomes, whereas FCS only provides qualitative information. 
Discussion
Both DCFBA and FCS revealed that the tripeptide glutathione, the nonameric peptide bradykinin R9C, insulin, and BPTI, all labeled with Alexa fluor 633, are able to efflux through MscL, whereas HPr, thioredoxin and α-lactalbumin are not. The molecular weights and dimensions of these macromolecules, derived from the three dimensional structures and presented by the Research Collaboration for Structural Bioinformatics protein data bank (RCSB pdb, http://www.rcsb.org, Fig. 3.3) , are given in Table 3 Therefore, the number of proteins potentially able to diffuse through MscL upon an osmotic downshift, will most likely be smaller than 100. Nevertheless, the release of this relatively small number of proteins could be physiologically significant. 50,000 to 1 : 10,000 (mol / mol) typically only 1 to 7 active channels are found in a patch with a diameter of ∼ 1 µm, instead of the expected 30 to 150 [77, 102, 103] .
On the basis of thiol-labeling with membrane-impermeant reagents, the majority of 'active' MscL seems to be oriented right-side-in, but always a fraction of inside-out protein is present ([104] ; A. Koçer, pers. comm.). When these preparations were frozen-thawed up to 8 times, we did not see a change in the efflux activity (or specificity, not shown). Although these data are consistent with the notion that MscL is active in both orientations, it was technically not possible to rule out the possibility that protein efflux occurred via the fraction of inside-out oriented molecules.
In conclusion, this is the first time that efflux of macromolecules through MscL has been unequivocally demonstrated. DCFBA provides an approach of analyzing the permeability properties of membrane proteins, with a number of merits compared to existing methods. It can be used as an universal method to study translocation of fluorophore-labeled macromolecules by membrane pores, expressed in cells or reconstituted in liposomes. The method is of particular importance for studying the effective pores of antimicrobial peptides, for which channel-formation and membrane permeabilization is still elusive [23, 105] , and has been applied by us to determine the pore properties of magainin 2 and melittin (chapter 4, [19] ).
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